N
otch receptor signaling determines cell fate and axial boundary formations during development in metazoa (1) . Dysregulated Notch signaling leads to developmental defects or cancer (2) . Thus it is important to identify the essential components of Notch signaling pathways. Notch receptors are transmembrane glycoproteins with 29-36 epidermal growth factor (EGF)-like repeats in their extracellular domain. Mammalian Notch ligands (Jagged and Delta) bind to Notch receptors and induce proteolytic release of Notch intracellular domain, which, in a complex with the transcriptional repressor RBP-J (CBF1), activates target genes such as Hes5 (3) . O-Fucose on Notch EGF repeats forms the substrate of Fringe ␤1,3-N-acetylglucosaminyltransferases that act in the Notch-expressing cell to focus Notch signaling at developmental boundaries (4, 5) . Fucose is attached to Ser or Thr in EGF repeats containing the consensus sequence Cys-(Xaa) [3] [4] [5] -Ser(Thr)-Cys between the second and third Cys residues (6, 7) . It is found on urokinase-type plasminogen activator (uPA) (8) , on Notch receptors and their ligands (6, 9) , on Cripto (10, 11) , and on other proteins, including blood clotting factors. O-Fucose is required for signaling by uPA through the uPA receptor (12) , for Fringe modulation of Notch receptor signaling in Drosophila (4, 5) and in coculture assays (4, (13) (14) (15) (16) , and for Cripto to mediate Nodal signaling (10, 11) .
The first indication that fucose on Notch may function directly in Notch signaling was that Jagged1-induced Notch signaling is reduced in Lec13 mutant cells that have low fucose in glycoproteins but normal levels of Notch at the cell surface (4, 16) . If decreased Notch signaling is due to reduced O-fucose on Notch, inactivation of protein O-fucosyltransferase 1 (O-FucT-1) should give a Notch receptor mutant phenotype. Consistent with this prediction, RNA interference (RNAi) of Drosophila OFUT1 was recently shown to cause both Fringe-dependent and Fringeindependent developmental defects typical of Notch receptor inactivation (17) . Mammals have four Notch receptors, with the Notch1 receptor being most similar to Drosophila Notch. However, unlike Drosophila, mammals require Cripto to function earlier in development than any Notch receptor (18) . Thus inactivation of mouse O-FucT-1 encoded by the Pofut1 gene (19) might be expected to elicit severe defects in posterior trunk development and lethality at about embryonic day 7.5 (E7.5) similar to Cripto Ϫ/Ϫ embryos (18), or defective somitogenesis, vasculogenesis, and cardiac development with death at ϷE10.5-E11.5 typical of Notch1 Ϫ/Ϫ mutants (20) (21) (22) , or skeletal defects and perinatal death similar to Lunatic fringe (Lfng) mutants or a severe Notch signaling phenotype like that of embryos lacking presenilins 1 and 2 (23, 24) or RBP-J (25-27) required for signaling through all four mammalian Notch receptors. Here we report that Pofut1 Ϫ/Ϫ mice have a phenotype most similar to mice in which all Notch signaling pathways are blocked due to global inactivation of Notch receptor signaling.
Materials and Methods
Gene Targeting. Bacterial artificial chromosome (BAC) clones containing the mouse Pofut1 gene were obtained by screening a mouse BAC library containing genomic DNA from 129 svj mice (from Raju Kucherlapati, Brigham and Women's Hospital, Boston). PCR was used to generate a genomic DNA fragment containing exon 2 of the Pofut1 gene, and two flanking sequences of Ϸ6 kb (left) and Ϸ3.3 kb (right), respectively. They were inserted into the pFlox vector (from Jamey Marth, University of California at San Diego, La Jolla). After electroporation, WW6 embryonic stem (ES) cells (28) were selected with 250 g͞ml G418 (Gemini Bio-Products, Woodland, CA), and genomic DNA of survivors was subjected to PCR using primer 595 (5Ј-TGCAAAACCACACT-GCTCGATCCG-3Ј) in the thymidine kinase gene and primer ssp9 (5Ј-CTTGGACAAATTGGATGTATCTGGAGGATATC-3Ј) located outside the right flanking sequence of the targeting vector. PCR-positive clones were confirmed by Southern analysis using a genomic DNA probe P1 upstream of the left flanking sequence in the targeting vector (see Fig. 2 ). A Cre recombinase-expressing plasmid, MC1 (from Jamey Marth), was introduced into targeted clones, and selection of deletion mutations was performed with 2 M ganciclovir (Roche, Boulder, CO). Southern analysis was performed by using probe P1 (see Fig. 2 ) to identify deletions. Heterozygous WW6 ES cells were injected into C57BL͞6 blastocysts, and male chimeras were mated with C57BL͞6 females. Germ-line transmission occurred with three ES lines and heterozygous Pofut1 ϩ/Ϫ progeny were mated. PCR genotyping was performed with primers 644 (5Ј-GGGTCACCTTCATGTACAAGT-GAGTG-3Ј) and 645 (5Ј-ACCCACAGGCTGTGCAGTCTTTG-3Ј) that span exon 2 of the Pofut1 gene. Embryo staging was calculated by using the morning a female was found to have a vaginal plug as E0.5. length coding sequence labeled by using the Prime-It kit. Hybridization was performed at 42°C overnight in Ultrahyb hybridization buffer (Ambion), and the blot was washed under stringent conditions at 65°C. (35) . Probes were transcribed and labeled by using the DIG (digoxigenin) RNA labeling kit (Roche). Purified probe was hydrolyzed to a size of Ϸ500 bp and hybridized as described (36) and per D. Henrique and David IshHorowicz, Cancer Research UK, London (personal communication). Platelet endothelial cell adhesion molecule 1 (PECAM-1) rat antibody MEC13.3 (PharMingen) was used to detect PECAM-1 in E9.5 embryos fixed in 4% paraformaldehyde according to the methods at http:͞͞cbi.swmed.edu͞ ryburn͞sato͞htmprotocols͞immunowholemount.htm.
Whole-Mount Embryo in
Sagittal Sections. Embryos collected at E9.5 were fixed in Bouins' fixative (Polysciences). Paraffin embedding was performed and sections of 7 m were stained with hematoxylin and eosin.
Results
Embryos Lacking O-FucT-1 Die at Midgestation. The Pofut1 gene is increasingly expressed during embryonic development and is present in all adult mouse tissues ( Fig. 1 A and B) . In situ hybridization of embryos at E11.5 ( Fig. 1C ) and E9.5 ( Fig. 2D ) revealed essentially ubiquitous expression of the Pofut1 gene with some variation in expression level. At E9.5 expression was very low by Northern analysis and in situ hybridization. A Cre͞loxP-mediated exon 2 deletion was introduced into the Pofut1 locus of WW6 ES cells ( Fig. 2A) . Southern analysis identified cells that had lost exon 2 and the selection cassette after transient expression of Cre recombinase (Fig. 2B ). Three independent ES clones gave Pofut1 ϩ/Ϫ heterozygotes that developed normally, but no homozygotes were obtained among nine litters from Pofut1 ϩ/Ϫ heterozygous matings (Fig. 2C) . At E9.5 homozygous Pofut1 Ϫ/Ϫ embryos were severely growth retarded, and Pofut1 gene transcripts were not detected (Fig.  2D ). Deletion of exon 2 generates a stop codon in exon 3 of the Pofut1 gene that presumably leads to nonsense-mediated decay of transcripts. Pofut1 Ϫ/Ϫ embryos were present in the expected Mendelian ratio (112 of 466) and died at ϷE10.
If O-FucT-1 is responsible for transferring the O-fucose required for Cripto to mediate Nodal signaling (10, 11) , death of Pofut1 Ϫ/Ϫ embryos should occur at ϷE7.5 and embryos should be devoid of posterior tissue (18 (37, 38) , or to modify the Notch ligands Delta-like1 (Dll1) (39), Deltalike3 (Dll3) (40, 41) , Jagged1 (42) or Jagged2 (43), or Notch2 (44), death of null embryos would have occurred later in embryogenesis, or after birth, or not at all in the case of Notch4 (22) and Radical fringe (Rfng) mutants (45, 46) . The time of death of Pofut1 Ϫ/Ϫ embryos was slightly earlier than Notch1-null embryos (20, 21) and similar to mice lacking RBP-J (25) or both (Fig. 3B) . This phenotype was similar to that of embryos lacking RBP-J, in which four or five misshapen condensed somites develop above a region of fused somites (25) . Sagittal sections revealed misshapen somites and disorganized fused epithelium in Pofut1 Ϫ/Ϫ embryos (Fig. 3C  Lower) . The absence of presenilins 1 and 2 leads to a more severe defect with no condensed somites in E9 embryos (23) . In embryos mutant for Notch1 16-20 somites develop (20, 21) , but in Notch1͞ Notch4 double mutants few somites are formed (22) . Somitogenesis is also disorganized, with fused somites and delayed development in embryos mutant for the genes encoding Notch ligands Dll1 (39) or Dll3 (40, 41) , or the ␤1,3-N-acetylglucosaminyltranferase Lfng (37, 38) .
Notch1 and Notch2 genes have overlapping expression patterns in PSM (27) and appear to function with Notch4 during somitogenesis (22) because inactivation of presenilins 1 and 2 or RBP-J leads to more severe defects than inactivation of a single Notch receptor (27) . To investigate gene expression during somitogenesis, whole-mount in situ hybridization was performed (Fig. 4) . The Notch ligand gene Dll1 was expressed in PSM and in somites of control E8.75 embryos (n Ͼ 10; Fig. 4 A and B) . Expression was decreased in PSM and absent in fused somites of Pofut1 Ϫ/Ϫ embryos at E8.75 (n Ͼ 10; Fig. 4 A and B) . This is similar to mutant embryos lacking RBP-J (26, 27) . Dll1 expression is only slightly decreased in PSM of Notch1 (26) and presenilins 1 and 2 null embryos (23). Dll3 was strongly expressed in PSM but not in somites of control E8.75 embryos (n ϭ 8; Fig.  4C ). In Pofut1 Ϫ/Ϫ embryos (n ϭ 4), Dll3 expression was significantly reduced in PSM (Fig. 4C) , as observed in Dll1-null embryos (41) . In control E8.75 embryos (n ϭ 4) Jagged1 was expressed in PSM and in the forming somite (Fig. 4D) . In E8.75 Pofut1 Ϫ/Ϫ embryos (n ϭ 10) Jagged1 expression was severely reduced and disorganized (Fig. 4D) . A similar down-regulation of Jagged1 expression occurs in embryos lacking Notch1, Deltalike1, or RBP-J (26) .
A target gene of Notch signaling during somitogenesis, Hes5, is expressed in the primitive streak and the forming somite of E8.5 control embryos (n ϭ 9; Fig. 4E ). In Pofut1 Ϫ/Ϫ embryos, Hes5 expression in somitic regions was reduced and more diffuse (n ϭ 3; Fig. 4E) . A similar down-regulation of Hes5 expression during somitogenesis occurs in Notch1 (26), presenilins 1 and 2 (23), and RBP-J (26) mutants. Myogenin, a marker for myotome, was expressed in anterior somites in control embryos at E8.75 (n ϭ 7; Fig. 4F ). Expression was similar although slightly more diffuse in E8.75 Pofut1 Ϫ/Ϫ embryos. By E9.5, when myogenin was expressed in all somites of control embryos, Pofut1 Ϫ/Ϫ embryos expressed low levels of myogenin in Ϸ6 somites (Fig. 4G) . At E9.5, mutants lacking RBP-J have no myogenin expression (25) , whereas Notch1-null embryos express myogenin at normal levels in their 16-20 somites (20) . Uncx4.1, a transcriptional regulator of sclerotome whose expression is confined to the caudal half of formed somites, was missing in the fused somite region of E8.75 Pofut1 embryos Notch1 expression was similar or higher than control in the prospective somite at E8.25 (n ϭ 6; Fig. 4I ) and E8.75 (n ϭ 7; Fig. 4J ). Therefore Notch1 was expressed well at stages when the Notch target gene Hes5 was poorly expressed (Fig. 4E) , providing strong evidence that Notch1 receptor was present but not functional. Notch1 expression decreased by E9.0 (n ϭ 16; Fig. 4K ) indicating that Notch1 is a target of Notch signaling during somitogenesis, as observed previously (27) . Embryos lacking presenilin 1 also have reduced Notch1 expression in PSM at E8.5 (23) . The final panel in Fig.  4 shows that Lfng is severely down-regulated in Pofut1 mutants. Whereas control E8.75 embryos expressed Lfng in PSM and the forming somite (n ϭ 12; Fig. 4L ), in Pofut1 Ϫ/Ϫ embryos (n ϭ 6; Fig. 4L ) Lfng expression was absent in PSM and the forming somite, similar to RBP-J and Delta-like1 null embryos (27, 46) . Lfng is well expressed in Notch1 Fig. 3D ), similar to mutants in Notch1 or Notch1͞Notch4 (22) or presenilins 1 and 2 (23, 24) . E9.5 Pofut1 Ϫ/Ϫ embryos (n Ͼ 30) were very growth retarded, and a large pericardial sac ballooned around the heart (Fig. 3A) , as in Notch1 (22), RBP-J (25), and presenilins 1 and 2 (23) null embryos. This striking enlargement of the pericardial sac is not present in embryos lacking Notch2 (44) or Notch4 (22) , Dll1 (39), Dll3 (40, 41) , Jagged1 (42), Jagged2 (43) , Lfng (37, 38) , or Rfng (45, 46) . Heart development was also retarded in Pofut1 Ϫ/Ϫ embryos. At E8.25 the heart was not looped and was smaller and thinner than controls. From E8.75 to E10, heart development was arrested in Pofut1 Ϫ/Ϫ embryos and looping never occurred (Fig. 3A) . This arrested development was similar to that in embryos lacking RBP-J (25) or presenilins 1 and 2 (23, 24) but was a more severe defect than observed in Notch1 mutants (22) . Defective vascularization was evident in Pofut1 Ϫ/Ϫ embryos after staining with antibodies to the endothelial cell marker PECAM-1 (Fig. 3E) . Intersomitic blood vessels and large branching vessels in the head of control embryos were absent and remaining vessels were disorganized in Pofut1 independent functions in inhibiting neuronal precursor cell formation (47) . Therefore the expression of several genes inhibited by Notch signaling in neural tissues was investigated.
A striking effect of the Pofut1 mutation was the marked upregulation of several Notch pathway genes in neural tube and brain. Compared with the lack of expression in control embryos, Pofut1 Ϫ/Ϫ embryos had strongly up-regulated Dll1 in neural tube, foreand hind-brain (Fig. 4 A and B) , as observed in embryos null for RBP-J (26) or presenilins 1 and 2 (23) . Slight up-regulation of Dll1 in neural tube and brain also occurs in Notch1 Ϫ/Ϫ mutants (26) . Dll3 gene expression, like that of Dll1, was activated in the midbrain of Pofut1 Ϫ/Ϫ embryos (Fig. 4C ) similar to Dll1 Ϫ/Ϫ mutants (27) . Up-regulated Dll3 and Dll1 expression is also observed in embryos with Notch1 conditionally deleted solely in neuroepithelial cells that express Engrailed2 (47) . Hes5 was strongly expressed in neural tube of E8.5 control embryos (n ϭ 9; Fig. 4E ). In Pofut1 Ϫ/Ϫ embryos, Hes5 expression was reduced (n ϭ 3; Fig. 4E ). By E9.5, Hes5 was expressed throughout neural tube and brain in control embryos (n ϭ 6) but was barely detectable in Pofut1 Ϫ/Ϫ embryos (n ϭ 4; data not shown). A similar down-regulation of Hes5 expression occurs in Notch1 (26), presenilins 1 and 2 (23), and RBP-J (26) mutants. Uncx4.1 expression was confined to somites of control embryos but was up-regulated in neural tube and brain of Pofut1 Ϫ/Ϫ embryos (Fig. 4H ) similar to embryos lacking presenilins 1 and 2 (23) . Strikingly, Notch1 expression was also up-regulated in Pofut1 Ϫ/Ϫ brain at E8.5, E8.75, and E9 (Fig. 4 I-K) , indicative of the Notch1 receptor being present but nonfunctional.
E8.75 control embryos expressed Lfng in neural tube, brain, and otic vesicle (n ϭ 12; Fig. 4L ). In Pofut1 Ϫ/Ϫ embryos, Lfng expression was significantly up-regulated in neural tube and midbrain (n ϭ 6; Fig. 4L ), a phenotype not previously reported (27, 46) . Lfng expression must therefore normally be inhibited by Notch receptor signaling in embryonic neural tissues. Our data suggest that in neuroepithelium Notch1 expression is normally repressed by an alternative Notch receptor such as Notch3 (47), which is not active in Pofut1 Ϫ/Ϫ embryos. Thus, in the absence of O-FucT-1, several Notch pathway genes are up-regulated in brain. Notch receptors that inhibit neuronal precursor formation must therefore be inactive.
Discussion
The Notch signaling defects in Pofut1 Ϫ/Ϫ mouse embryos and the results of down-regulation of O-FucT-1 by RNA interference in Drosophila (17) show that O-fucose on Notch clearly does not function solely as the substrate of Fringe. The somitogenic phenotype of Pofut1 Ϫ/Ϫ mouse embryos is consistent with inactivation of Notch1, Notch2, and Notch4 in PSM (22, 27) ; the vasculogenic and cardiogenic phenotypes are consistent with inactivation of Notch1 and Notch4 during development (22) ; and the neurogenic phenotype is consistent with inactivation of Notch1 and Notch3 in neuroepithelium (47) . The phenotype of Pofut1 Ϫ/Ϫ embryos most closely resembles that of embryos lacking core downstream Notch signaling components such as presenilins 1 and 2 (23, 24) or RBP-J (25, 26) , and is stronger than a Notch1-null phenotype (20, 21, 26, 27, 46) . O-FucT-1 is therefore a previously unrecognized core component of Notch signaling pathways. Furthermore, it seems likely that O-fucose is required on the extracellular domain of all mammalian Notch receptors for Notch signaling to occur. Whereas O-FucT-1 is predicted to act on Notch ligands (6), the phenotype of Pofut1 Ϫ/Ϫ embryos suggests a cell-autonomous function for O-FucT-1 in the Notch-expressing cell, as was also found in Drosophila (17) . However, it is also possible that ligand phenotypes are masked or precluded by the early death of Pofut1 Ϫ/Ϫ embryos. A key challenge for the future is to determine how the lack of O-fucose on Notch extracellular domain results in inactivation of Notch receptors. Notch1 has Ͼ20 EGF repeats that contain a consensus sequence for O-fucosylation and most may be modified by Fringe (7). It is known that the action of Fringe in transferring GlcNAc to EGF-O-fucose causes changes in soluble ligand binding to Notch receptors (5, (13) (14) (15) . We have shown that Lec13 mutant cells with low fucose in glycoproteins exhibit reduced Notch signaling for both Jagged1 and Delta1 ligands (refs. 4 and 16; J. Chen and P.S., unpublished results). Notch signaling is rescued by providing a cDNA encoding GDPmannose-4,6-dehydratase to correct the Lec13 defect. Because both Notch1 and Notch2 receptors in Lec13 cells are expressed at normal levels on the cell surface, reduced signaling suggests reduced ligand binding. Consistent with this suggestion, soluble Jagged1 and Delta1 have reduced binding to Lec13 cells (D. Moloney, K. Uemura, and P.S., unpublished results). These data suggest a model in which both Jagged1 and Delta1 require EGF-O-fucose to bind to Notch. In Drosophila, Notch ligands bind at EGF repeats 11 and 12 (49) . A comparison of Notch EGF11 and -12 sequences across species revealed a conserved O-fucose site at Thr͞Ser between the second and third Cys residues [in the sequence Cys-(Xaa) 4 -Thr(Ser)-Cys] in Notch EGF repeat 12 of all mammalian, Drosophila, Xenopus, zebra fish, sea urchin, and sea squirt Notch receptors, and in the EGF12 equivalent (EGF6 or EGF9) of Lin12 and Glp1 in Caenorhabditis elegans, Caenorhabditis remanei, and Caenorhabditis briggsae, and this site was shown to be the only Thr to incorporate fucose in a mouse Notch1 EGF11,12 fragment (D. Moloney and P.S., unpublished results). Similar conclusions were reached from studies of a Notch1 fragment containing EGF repeats 11-15 that showed Fringe can act on EGF12-O-fucose (7). Notch ligands are also thought to bind to other regions of Notch, in particular to EGF repeats 24-29, 
